Indium oxide is widely used as a transparent electrode in optoelectronic devices and as a photocatalyst with activity for the reduction of CO 2 . However, very little is known 1 about its surface structure. In this report, directional lone-pair surface states due to filled 5s 2 orbitals have been identified on In 2 O 3 (111) through a combination of hard and soft X-ray photoemission spectroscopy and density functional theory calculations.
Introduction
Metallic elements occupying positions beyond the end of the transition series in the periodic table display two main oxidation states: the group oxidation state N and the N-2 state.
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Lower valent N-2 compounds frequently adopt structures in the solid state where the N-2 cations occupy sites with coordination geometries lacking inversion symmetry: Sn(II)O, 3 
Sn(II)S,
4 Pb(II)O, 5 and Bi(III) 2 O 3 6 are just some typical examples. Free ions in the N-2 state such as Sn 2+ have an ns 2 electron configuration, with empty np levels. The conventional explanation of the propensity for asymmetric cation sites involves the idea of directional electron lone pairs formed by on-site hybridisation between occupied metal ns states and one of the empty np states, thus lowering the internal electronic energy of the cation through a second-order Jahn-Teller effect. 1,2 This mixing is not possible at sites with inversion symmetry because s and p states are of opposite parity. However, the metal ns states are generally much too low in energy to allow direct interaction with metal np states. 7, 8 Through a combination of first-principles calculations and X-ray spectroscopy techniques it has been shown recently that the ns-np interaction must instead be mediated by anion states, whose energy lies between that of the ns and np states. 9, 10 Nonetheless, the idea of directional lone pair hybrid states as the drivers of the structural distortions remains valid.
Cations occupying sites at a surface cannot experience full inversion symmetry. Moreover, oxides such as Sn(IV)O 2 and In(III) 2 O 3 have a propensity toward electron-rich n-type behaviour, with the facile formation of oxygen vacancies. Bulk oxygen vacancies are two electron donors, although whether this donor is deep or shallow is a matter of ongoing debate. 11, 12 At a surface it may be envisaged that the electrons could be trapped in a directional lone pair state protruding out into the vacuum from a surface cation adjacent to an oxygen vacancy. 13 Lone pair surface states of this sort were first invoked to account for structure in the bandgap of photoemission spectra of Sn(IV)O 2 . 14,15 More recently, Ga(I) lone pairs have been used to rationalise structure in photoemission spectra of ion-bombarded Ga(III) 2 O 3 .
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Lone pair surface states have also been invoked to account for the photocatalytic reduction of CO on In 2 O 3 powders. 13 Nonetheless, unambiguous identification of a lone-pair state on a structurally well-defined oxide surface has remained elusive.
Here an electronic state in the bulk bandgap of vacuum annealed In 2 O 3 (111) (1×1) is characterised by combined soft and hard X-ray photoemission measurements. Indium oxide adopts the bixbyite structure, based on a 2×2×2 supercell of the fluorite (CaF 2 ) structure with an ordered arrangement of 25% of the anion sites which are empty. As with fluorite, the (111) surface is the most stable amongst the low index terminations and is based on repeating quadrupolar units with stoichiometry {O 12 In 16 O 12 } and a single dangling bond for each atom at the surface. 17 Previous analysis of intensity-voltage (I/V) curves in low energy electron diffraction (LEED) for In 2 O 3 (111) (1×1) suggested an essentially bulk-truncated structure with minor relaxations. 18 However, more recent work using scanning tunnelling microscopy (STM) has shown that there are in fact two distinct (111) structures: the bulk-truncated structure invoked in the previous LEED I/V study; and a new structure containing a single indium ad-atom within each surface unit cell. The latter is formed by annealing under ultrahigh vacuum (UHV), 19 or by deposition of Fe. 20 The signature of the ad-atom reconstruction, a hexagonal array of bright spots in STM, was found in our own work using surface preparation procedures similar to those in the LEED experiments. 21 This has prompted reanalysis of the previously published LEED data. Addition of an ordered array of indium ad-atoms to the bulk-cut structure leads to a small but significant improvement in the Pendry R-factor. Density functional theory (DFT) calculations confirm that the occupation of three-fold hollow sites by the ad-atoms used in the LEED analysis is energetically feasible.
As a result, simple electron counting dictates that each additional In atom (whose electron configuration is 5s 2 5p 1 ) must contribute three electrons to the slab. It emerges that two of these electrons are trapped on the In ad-atoms in a directional In(I) lone pair surface state, while the third electron gives rise to an electron accumulation layer that has been characterised previously by both angle-integrated 22, 23 and angle-resolved photoemission (ARPES) measurements. 24 Thus both the states in the bandgap and the electrons in the accumulation layer are associated with indium ad-atoms. This scenario differs from that proposed on the basis of low-energy ARPES measurements, where the accumulation layer was associated with surface oxygen vacancies and the bandgap state with bulk oxygen vacancies.
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Results and discussion In principle, two factors need to be considered to understand these changes. Firstly, the electron inelastic mean free path increases with electron kinetic energy in the regime of our experiments from around 12Å at 600 eV to 76Å at 6054 eV, 25 so structure associated with states localised at or near the surface will be stronger at the lower photon energy, in the absence of other influences. Secondly, intensities are dependent on ionisation cross sections and the atomic make-up of the electronic states involved. In particular, the cross-section for ionisation of In 5s and In 5p states decrease with increasing photon energy much less rapidly than for O 2p states owing to the oscillatory behaviour of the radial wavefunction close to the In nucleus.
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Figure 2: Hard and soft X-ray photoemission spectra of Sn-doped In 2 O 3 (111). The increase in relative intensity of peaks at the bottom of the valence band and close to the Fermi energy provide a qualitative indication of the influence of cross-section effects.
Qualitatively, it is possible to establish the influence of cross-section effects by reference to photoemission data for Sn-doped In 2 O 3 (111) shown in Figure 2 . The carrier density in this sample is estimated to be about 4.5×10 20 cm −3 from the energy of the plasmon satellite observed on the In 3d 5/2 core line (Supplementary Figure S1) . 28 At this high carrier density the Fermi level lies above the charge neutrality level and there is carrier depletion rather than carrier accumulation at the surface. 23 However, the Thomas-Fermi screening length is about 6.8Å, so any band bending in the near-surface region must take place over this length range, which is less than the effective probing depth (which is usually considered to be three times the inelastic mean free path) for both the soft and hard X-rays used in the current study, as shown schematically in Figure 3 . Thus XPS at both energies is dominated by the region where the electron gas is effectively homogeneous (even at 600 eV only 40% of the photoemission intensity comes from the space charge region). The spectra in Figure 2 reveal an increase in intensity of the peak at the bottom of the valence band (as in Figure 1 ) and a related pronounced increase in the intensity of the conduction band peak near to the Fermi level. States at the bottom of the valence band and states in the conduction band both have pronounced In 5s character and the intensity enhancement relative to states in upper part of the valence band reflects this high In 5s contribution.
Comparing Figures 1 and 2 it is apparent that the increase in the relative intensity with photon energy of the conduction band feature is much less pronounced for the UHV annealed sample of In 2 O 3 than for Sn-doped In 2 O 3 . This is because in the former case the conduction band peak derives from electrons in an accumulation whose overall thickness is of order 80Å. 24 Thus spectra excited at 600 eV photon energy are completely dominated by the space charge region, whereas at 6054 eV the effective sampling depth in the experiment extends through the space charge layer into regions where the carrier density is much lower, as shown in the schematic diagram of Figure 3 . Thus, the effects of cross-section changes are offset by the increase in sampling depth. At the same time, the intensity of the structure in the gap decreases dramatically relative to that of both the conduction band and the top of the valence band on increasing the photon energy from 600 eV to 6054 eV.
Cross-section changes alone for a 5s-5p lone pair state would lead to an enhancement of the intensity relative to the top of the valence band, as is found in hard X-ray photoemission In the LEED analysis, three equal In-O bond lengths of 2.15Å were found for the ad- Figure S1 ).
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Photoemission spectra were obtained at the I09 beamline of the Diamond Light Source, UK. This beamline delivers photons with energies ranging from 100 eV to 18000 eV using two canted undulators, providing both soft and hard X-rays focused to the same point on the sample. Hard X-rays (hν = 6054 eV) were selected using a cooled Si(111) double crystal monochromator coupled with an additional Si(004) channel-cut high resolution monochromator. Soft X-rays (hν = 600 eV) were obtained using a plane grating monochromator ported. 39 The potential energy surface for indium adatom adsorption was assessed by introducing a 10×10 grid on the (111) surface and calculating the total energy for a locally relaxed structure at each grid point. The total energy and electronic structure were calculated within DFT as implemented in the VASP code. The electronic wavefunctions were represented using planes waves with a kinetic energy cutoff of 500 eV, and the Brillouin zone was sampled using a k-point grid of 2×2×1 (4×4×1 for the density of states). All calculations were performed using the PBEsol exchange-correlation functional.
The dynamical LEED calculations were performed using the Tensor-LEED program.
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The relativistic phase shifts were calculated using the phase shift program 41 that is packaged with Tensor-LEED. The agreement between the theory and the experiment was tested using the Pendry R-factor and the error bars quoted are calculated using the Pendry RRfunction. 42 Four different sets of phase shifts were used: two for oxygen and two for indium.
At the beginning of the analysis the Debye temperatures were set to 108 K for In and 500
K for O. The l max value was set to 8 and the imaginary part of inner potential was set to 5.0 eV. These values were optimised in the final stages of the analysis to 100 K and 350 K for the surface and bulk In respectively; to 1300 K and 2500 K for the surface and bulk O; to 8 for l max and to 5.5 eV for imaginary part of inner potential. The real part of the inner potential is independent of energy and was allowed to relax as is normal in LEED analysis.
Starting from a bulk cut structure, a single indium ad-atom was added to one of the three- 
